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Abstract. Traditional satellite design techniques appear to break down for very small spacecraft
weighing less than about 50 lbs. In order to break this barrier, it is necessary to implement a new
satellite design paradigm - that of the "subsysternless" satellite. In such a satellite, the design
process emphasizes the identification and specification of functional requirements per the usual
systems engineering procedures. However, the identified requirements are never allocated to
subsystems. Instead, the various spacecraft functions are implemented directly without regard to
traditional spacecraft subsystem boundaries. The result is a highly integrated design which is
compact, lightweight, and highly efficient. This approach also facilitates highly modular
spacecraft designs because of the ease of implementing clean interfaces. This paper presents the
results of a Government-funded study to develop a top-level design for a 15-lb nanosatellite to
perform an actual operational mission. This nanosatellite is used as a case study to explore the
characteristics and relative benefits of the "subsystemless" design paradigm, with emphasis on
the design methodology employed.
Introduction
Technology breakthroughs of the 1990' shave
opened the door to a new generation of
satellite systems with robust capabilities for a
myriad of commercial, civil, and military
applications. These emerging space systems
provide for routine services to a broad base of
government, business, and home users with
common needs on a highly cost-effective
basis. New design and production techniques
support the development of these systems and
the common space and ground subsystem
technologies required for their economic
viability. Traditional development approaches
have resulted in the design of larger satelJites
with highly capable payload functions, as well
as the grouping of similar mission payloads on
a single space platform sized for a specific
class of launch vehicle. This approach is still
the preferred development paradigm for longlife missions, but is less than attractive for
many scientific or technical proof-of-concept
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applications where funding limitations and
production lead times are more important than
the overall operational infrastructure of the
program.
Ball Aerospace has examined the viability of
very small nanosatellite platforms (in the
range of 10 to 20 pounds) to perform selected
technical demonstration and/or operational
mISSIons. These systems are envisioned as
secondary payloads deployed from a launch
vehicle upper stage or other host platform.
These nanosatellite concepts were initially
conceived as Jow cost space platforms for
selected mission applications as the next step
beyond the Shuttle Get-Away Special (GAS)
canister-deployed satellite systems developed
with 1980s technologies and design practices.
These GAS-deployed systems were the lowcost, quick reaction capabilities of the time,
and provided a viable option for ready access
to orbits from the Shuttle. Current composite
structures, ASIC, MMIC, and certain
1t h AIAAJUSU Conference on Small Satellites

Application-Specific
Integrated
Microinstrument
(ASIM)
and
Microelectromechanical Systems (MEMS)
enabling technologies now support the
development of satellite systems at less than
1110 the weight of prior systems with
in
platform
significant
improvements
capabilities to support a broader range of
mission applications. Advanced technologies
now provide the potential for stable payload
orientations with accurate time, attitude, and
location
references.
However,
the
development of this class of nanosatellite
system requires significant changes in the
traditional large system design paradigm.
This paper provides a discussion of these
recommended changes, and presents a toplevel design of a next-generation nanosatellite
as an example.

This section discusses six alternate spacecraft
design methodologies which offer promise for
implementing a successful nanosatellite
design: scale reduction; high-level integration;
repackaging/lightweighting;
low-level
integration; microtechnology; and functional
design. Note that more than one of these
methodologies
could
be
employed
simultaneously.
Scale Reduction

Perhaps the simplest design methodology
commonly used for small satellites is scale
reduction. This entails applying conventional
spacecraft design methodologies on a smaller
scale in order to reduce the overall size. One
might envision scale reduction as exposing a
large, conventional spacecraft to a "shrink
ray" in order to reduce the size proportionally.
Miniature components are typically used when
available. The net effect is that the overall
size does indeed decrease, but the relative
structural overhead of components such as
brackets, decks, wire harnesses, etc. decreases
at a disproportionately lower rate. From our
experience, scale reduction seems to be an
acceptable design paradigm for spacecraft
larger than about 100 lbs. Below this weight
class, it breaks down and becomes a relatively
inefficient design methodology.

Traditional Spacecraft Design

Spacecraft have traditionally been designed
with a discrete component-oriented approach
in which a core structure comprised of corner
posts, decks, shear panels, etc. is used as a
mounting fixture for individual electronics
boxes and other discrete components. The
electronics boxes are typically interconnected
by a number of bulky wire harnesses.
Traditional satellite design practices are also
commonly based on the selection of spacecraft
and payload subsystems and components from
available technologies in vendor catalogs.
Unique satellite features and mission functions
justify the development costs of custom
technologies where standard parts or
subsystem interfaces cannot provide an
economical design approach. What's wrong
with traditional spacecraft design techniques?
In most cases, nothing. However, this type of
design approach becomes increasingly
inefficient for very small systems. '

High-Level Integration

High-level integration involves implementing
multiple functions within a single box or
circuit card. An example of this would be a
single box containing transmitter, receiver,
and COMSEC functions; or a single box
implementing the solar array switching, power
regulation, fault protection, and distribution
functions.
This enables a more compact
design with increased reliability. However,
this methodology alone is not sufficient for
implementing a compact nanosatellite design.

Alternate Spacecraft Design Methodologies
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Repackaging/Lightweighting

Microtechnology could prove very helpful in
the future in implementing a nanosatellite
design, but it is not an enabling technology.

Repackaging
and
lightweighting
are
techniques for making conventional flight
hardware more suitable for smaller spacecraft
designs. It directly addresses the structural
overhead problem described previously by
eliminating or reducing the structure
associated with chassis and enclosures. For
example, the metal in conventional enclosures
could be replaced with composite material; or
the enclosure could be eliminated completely.
Because a relatively high percentage of the
weight of an electronics box is devoted to
chassis and enclosure, this methodology
represents a good start at adapting existing
flight components for use on nanosatellites.

Functional Design
The functional design methodology represents
a complete paradigm shift in spacecraft
design.
It leverages each of the above
methodologies in a manner that is conducive
to implementing a nanosatellite. A functional
design differs from a traditional spacecraft
design in that there are no subsystems per se,
but rather implementations of functions. In a
functionally-designed spacecraft, the design
process emphasizes the identification and
specification of functional requirements, per
the usual front-end systems engineering
procedures.
However, the identified
requirements are never allocated to individual
subsystems. Instead, the various spacecraft
functions are implemented directly without
regard to traditional spacecraft subsystem
boundaries. This means that a single box or
circuit board could implement the functions of
several subsystems, SInce the artificial
boundaries
which
traditionally
define
subsystems no longer exist. Taken to the
extreme, multiple subsystem functions could
even be implemented on the same chip. Not
surprisingly, a functional spacecraft design is
characterized by very high levels of
integration. Functional design offers several
advantages to nanosatellite designs:

Low-level Integration
Low-level integration involves implementing
multiple functions with a single device.
ASICs and multi-chip modules (MCMs) are
good examples of this methodology.
Pervasive use of low-level integration permits
order-of-magnitude reductions in size, weight,
and power requirements, and is essential for
implementing a successful nanosatellite
design.
However,
employing
this
methodology tends to result in custom devices
which may be applicable only for specific
designs.

Microtechnology
The term "microtechnology" generically
refers to the use of MEMS, ASIMs, and
micromachining to implement selected
spacecraft functions. This is a very promising
field which offers the potential of dramatic
reductions in device size, weight, and power
requirements. However, to date there are few
mature applications of these technologies for
space. Sensors such as accelerometers or
magnetometers are probably the most
promising
applications
at
present.

•

•
•
•

Compatible
with
compact,
lightweight designs due to high
levels of integration
Increased reliability
Clean, well-defined interfaces
Facilitates modular designs

Functional Design Case Study
This section presents a top-level design for a
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15-lb nanosatellite which was developed at
Ball using the functional design methodology.

they might belong to.

Fundamental Design Trades
Key System Requirements
Naturally, each of the identified spacecraft:
function was the subject of an exhaustive
implementation trade. However, there were
several trade areas which were of particular
importance because of their impact on the
design, and because of the relative difficulty
of implementing the corresponding spacecraft:
functions within the given weight and power
constraints. These trade areas were attitude
determination, stabilization, solar array
configuration, and communications.

Several key system requirements drove the
design of the nanosatellite:
•
•
•
•
•

15 lb. max total weight
compatible with LEO orbits
launched as secondary or "piggyback"
payload on ride of opportunity
integrate evolving technologies
potential for broad mission applications

Of these requirements, the most difficult by
far to accommodate was the IS-lb. weight
constraint.

Baseline Conceptual Design
The baseline nanosatellite conceptual design is
shown in Figures I and 2. This nanosatellite
is comprised of two distinct modules: a bus
module and a payload module. The bus
module is a 12" x 12" x 6" rectangular prism,
with four 12" x lOS' solar panels deployed
outward from it. All of the bus electronics is
contained on four 4.5" x 5.5" circuit cards that
plug into a backplane within a small card
cage. The payload module is an inverted
truncated pyramid that is clocked 45 degrees
relative to the bus module, and contains all of
the payload functional components. The

Identified Spacecraft Functions
As part of the functional design methodology,
the various functions that the spacecraft: is
required to perform were identified. These
functions are:
1.
2.
3.
4.
5.
6.
7.
8.

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

structural support
radiation shielding
mechanical actuation
thermal control
propulsion
energy generation
energy storage
power regulation
power distribution
attitude determination
attitude stabilization & control
navigation
command & control communications
mission data communications
command processing
telemetry distribution
timing
onboard processing
data storage
signaVdata distribution

These 20 functions were implemented directly
without regard to which classical subsystem

Figure 1. Nanosatellite Top View
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nmi.
Localized shielding of susceptible
components with high-Z material reduces the
total dose experienced by these parts to around
10 krads, which is compatible with most
commercial-grade parts.
Solar array
deployment and stabilization is provided by
carpenter-tape alloy springs which are
released after deployment. Thermal control is
passive except for a small 3W contingency
heater inside the bus module. The exterior bus
and payload module surfaces are covered with
Ag-Teflon tape, and the undersides of the
solar panels are painted white.
Various
propulsion options were studied, but no
propulsion capability was implemented due to
the substantial size and weight penalties
incurred with even a small cold gas system.
The solar panels provide a usable array area of
115 in2 per paneL The panels are tilted
outward from the bus by 55 degrees, which
minimizes solar array output variations over
the 1-2 year mission life. The solar cells are
triple-junction GaInP2/GaAs/Ge, which are
25% efficient at BOL. At EOL, the arrays
deliver 11.8 W orbit-average power. Energy
storage is provided by a single 1.5 A-h Li ion
battery. The maximum expected depth-ofdischarge is 23.5%.
Power regulation is
provided by five IC regulators (+12 V, +8 V,
+5 V, -5 V, and +3.3 V). An ASIC power
controller performs the functions of array
string switching, battery charge control,
electrical bus fault detection (undervoltage,
overcurrent), and battery fault detection
(overternperature, overvoltage).
Critical
spacecraft loads (momentum wheel, SGLS
transponder, command decoder, processor,
power controller) are powered from an
unswitched essential bus. The remaining nonessential loads are switched via eight solidstate relays. Attitude control is performed by
a single 0.1 Nms momentum wheel. The
wheel
implements
momentum-bias
stabilization, which keeps the vehicle nadirpointing. A small nutation damper is used to
damp out unwanted body nutation following

Figure 2. Nanosatellite Bottom View

payload module connects to the bus module
via a pre-defined custom interface. Alternate
payloads may be used by simply substituting
payload modules. In Figure 1 (top view) the
two star cameras, the zenith SGLS transmit
and receive antennas, GPS antenna, and GSE
connector may be seen. In Figure 2 (bottom
view) the nadir SGLS transmit and receive
antennas may be seen. The core bus module
structure (Figure 3) is composed of 20-mil
sheets of GRICE composite, with external
support ribs running across each face.
Reinforcement pads are provided in each top
comer where the separation bolts pass through
the zenith deck. The comers are closed off to
form bolt

Uoin Deck

801\ toteM"
(f1ot l~o'Wnl

Payload Oeck
(Not Sri01O'ft)

Figure 3. Bus Module Core Structure

catchers to retain the separation bolts after
release from the host vehicle adapter. The
equivalent Al radiation shielding thickness is
15 mils, which results in a cumulative total
dose of 42 krads for a I-year mission at 300
5
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SGLS Rx
antenna

solar panel (stowed)

separation from the host.
Attitude
is
performed
by
two
determination
orthogonally-mounted miniature star cameras
which protrude from the zenith deck. Each
camera consists of a 1" diameter by 4" long
telescope body with a CCD focal plane
detector. The expected accuracy is 1 - 5 arc
minutes. An onboard star catalog permits
realtime closed-loop wheel control.
A
miniature three-axis magnetometer is used to
control three 1.0 A_m2 torque rods during
wheel desaturation. Position determination
and time references are provided by a
miniature GPS receiver. This receiver does
not provide realtime navigation solutions, but
rather samples the GPS environment for 40
msec every 5 minutes, digitizes the results,
and stores the digitized data in a buffer for
subsequent downlink. Satellite position is
determined post-pass on the ground.
Command and control functions are
performed by the AFSCN.
SGLS patch
antennas for transmit and receive are located
on the zenith and nadir decks to provide
omnidirectional coverage.
The SGLS
transponder is a miniaturized device that
makes extensive use of VLSI, MMICs, RFICs,
ASICs, and MCMs. A common downlink is
used for spacecraft telemetry and mission
data. The downlink rate is 32 kbps, and the
transmitted power is 0.25 W. The command
decoding
and
telemetry
processing/distribution
functions
are
performed with custom ASIC devices. A
MIPS R3000-compatible flight computer
performs all onboard processing tasks, to
include:

•
•
•
•
•
•
•
•

o

primary
interface

o
GPS
antenna

star cameras --=--H++I'''L:::l

structural

GSE
connector

ribs

o

SGLS Tx
antenna

Figure 4. Details of Zenith Deck
solar panel (stowed) ~

SGLSRX.
antenna

SGLS Tx
antenna

payload module_1'f---..::.............

separation switch

Figure 5. Details of Nadir Deck

Solar Pone I (4)
One removed for clori ty

Electronics--F:=~Z§~~§~§;~
Board(4)

Momentum

Wheel
Three Axis
Magne tome te r

Hot Knife

Star Tracker(2)

control of attitude sensors
attitude determination
housekeeping functions
wheel control
control of GPS receiver
data transfer orchestration
implementation of stored commands
control of payload operations

Umb i i i co I

Connector
Torgue

Rod (3)

Battery
Nu to t i on

Damper

Figure 6. Cutaway Side View
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Onboard data storage is provided by a single
16 Mb DRAM chip with error detection and
correction. Figures 4-6 show details of the
zenith and nadir decks, as well as a cut-away
side view of the nanosatellite.

wide variety of host platforms. Figure 7
shows details of the host platform interface.
Assessment of Key Design Drivers

During the course of the nanosatellite
development, several functions emerged as the
dominant design drivers. These functions
were attitude control, attitude determination,
energy generation, and communications.

Nanosatellite Host Vehicle Interface and
Deployment

The nanosatellite 1S attached to the host
adapter via four bolts located at the corners of
the spacecraft bus module zenith deck.
Flexible isolation mounts composed of mesh
metal braids attenuate most of the highfrequency launch vibration. Each bolt is
secured by a pair of redundant separation nuts.
Upon command from the host side of the
interface, the separation nuts are activated and
release their respective bolts. Four small
springs then impart a controlled separation
velocity to the nanosatellite, and it moves
away from the host. At a predetermined time
after separation, a thermal knife inside the bus
module energizes and cuts the restraining
strings that hold the solar panels in their
stowed positions.
A carpenter-tape alloy
spring under each solar panel then deploys the
panel to its correct position and locks it in
place. The bolt pattern for attaching the
adapter may be customized to accommodate a

Attitude Control

The attitude control approach was by far the
single biggest design driver.
Our initial
strawman concepts all revolved around a
simple gravity gradient design (shown in
Figure 8).

solar panel
stowed
position

Figure 8. Gravity Gradient Nanosatellite Concept

This type of stabilization is the simplest and
most reliable, and has the advantage of being
totally passive. However, there also inherent
difficulties with this approach.
Gravity
gradient boom deployment is a concern, and
yaw is uncontrolled. Augmenting the boom
with a small pitch wheel solves the yaw
control problem, but introduces more
complexity, weight, and power consumption.

separation
spring
isolators
interface to hos!
vehicle is simple --""
and adaptable

separation
nut

Figure 7. Host Platform Interface
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Gravity gradient systems are also subject to
libration and inversion, which could adversely
affect payload operation. In addition, our
analysis indicates that the environmental
torques on a small 10-15 lb. nanosatellite
completely swamp out the gravity gradient
restoring torque, perhaps by as much as an
order of magnitude. This means that gravity
gradient stabilization may not even work at all
for very small satellites.
Consequently,
momentum bias was selected as the preferred
attitude control approach.

Implementing the communications function
for command & control and mission data
downlink proved to be a formidable challenge.
For operational reasons, it was desired to use
the AFSCN for command & control.
However, there are no SGLS transponders
available
that
are
compatible
with
nanosatellite weight and power constraints.
The baselined miniature SGLS transponder is
therefore a mission-enabling technology for
Most of the
this class of nanosatellites.
technology to implement it already exists, as it
leverages heavily from commercial cellular
telephone products.

Attitude Determination
The attitude determination function was
somewhat difficult to implement on the
nanosatellite due to the relative unavailability
of suitable lightweight sensors. Even the
lightest Earth sensor on the market proved to
be much to heavy to be practical. Attitude
determination using onboard GPS was
rejected due to the questionable accuracy with
the short antenna baseline available. The
approach finally base lined was to use
redundant miniature CCD star cameras (a
developmental item).

Conclusions
Several significant conclusions were drawn as
a result of this design study:
•

•
•

Energy Generation
Satisfying the energy generation requirement
had a significant effect on the spacecraft
structure. Even with the highest efficiency
cells available, significant real estate was
required to ensure adequate orbit average
power at EOL. Our initial concept used bodymounted arrays.
This approach was
abandoned due to the large surface area
required to implement it, resulting in
excessive weight growth, poor volumetric
efficiency, and shortened mission lifetime due
to atmospheric drag. Going to deployable
panels resulted in a much more compact and
efficient design.

Attitude control, attitude determination,
energy generation, and communications
are the most significant design drivers
A sub-20 lb. nanosatellite can be
implemented with current technology
A new design paradigm is required for
of
a
successful
implementation
nanosatellite capable of performing a
meaningful mission

During the course of this study, we identified
several distinct development plateaus on the
road to implementing a very lightweight
satellite (see Figure 9).
Consider a hypothetical small satellite in the
270-lb. class (such satellites have already been
demonstrated using mid-1980s technology).
By redesigning the satellite with current
technology, the same mission could be
performed with a 150-lb. satellite.
By
repackaging selected components with the
intent to make them lightweight, as well as
doing some custom manufacturing to reimplement certain components in lightweight

Communications
8
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Figure 9. Nanosatellite Development Plateaus
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versions, the satellite weight could shrink
down to about 50 lbs. By investing in nearterm technology development in critical areas
like attitude control and communications, the
weight could drop down to the 10-20 lb.
range. There seems to be another distinct
development plateau at around 10 lbs. In
order to break through this barrier, it is
necessary to invest in far-term technologies
like
MEMS,
ASIMs,
micro-laminate
structures, etc. However, unless very large
numbers of these sub-lO lb. nanosatellites are
required, it is probably not worth the
investment to develop the required enabling
technologies.
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